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WAKE COUPLING TO FULL POTENTIAL ROTOR ANALYSIS CODE

Francisco J. Torres, I-Chung Chang
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Byung K. Oh
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SUMMARY

The wake information from a helicopter forward flight code is coupled with two transonic

potential rotor codes. The induced velocities for the near-, mid-, and far-wake geometries are ex-

tracted from a nonlinear rigid wake of a standard performance and analysis code. These, together

with the corresponding inflow angles, computation points, and azimuth angles, are then incorpo-

rated into the transonic potential codes. The coupled codes can then provide an improved prediction

of rotor-b'ade loading at transonic speeds.

INTRODUCTION

It has been shown that the induced velocities encountered by a rotating blade significantly

affect the inflow angle which in turn affects the total angle of attack which results in higher airloads

(ref. 1). Most finite-difference or finite-volume rotor flow codes solve for the flow in the immediate

vicinity of the blade and thereby neglect the effects of the wake, which can extend far from the

computational domain. In this paper, the wake generated by a forward-flight performance and

analysis code (B65) was extracted and implemented into a quasi-steady potential code (TFAR 1) as

well as a full unsteady potential code (TFAR2). The total induced velocity due to the wake was

calculated by adding together the induced velocities from the near-, mid-, and far-wake regions.

This total was then added to the flow velocity at the surface of the blade to incorporate the necessary

wake effect in the calculations.

The B65 code has been made available through a memorandum of understanding with Boeing

Helicopters. We would like to thank L. Dadone and W. E. Hooper of Boeing Helicopters for their

support.

B65 CODE

The B65 code is a rotor aerodynamic performance-prediction program developed by Boeing

Helicopters (ref. 2). This code has been validated through correlations of wind tunnel test data

from several rotor systems, in order, in particular, to identify the source and mechanisms of high-

harmonic airloads (ref. 3).

The methodology is based on a lifting-line theory with a nonlinear two-dimensional airfoil

data base. The blade element approach has been further supplemented by introducing unsteady



aerodynamicswith dynamic stall delay and three-dimensional tip relief effects. Blade dynamic

response is obtained by solving modal equations of elastic flap and torsional motion. The solu-

tion process can be divided into two categories depending on whether the induced flow field is

uniform or nonuniform. We first obtain the uniform inflow using simple momentum theory. Then

the program trims a rotor iteratively for desired rotor forces. Each iteration loop begins by find-

ing a convergent solution for blade dynamic responses. The uniform downwash solution provides

the bound-circulation distribution, FB, of the rotor blade as a function of spanwise locations and

azimuth angles. Based on FB, a wake model is developed and the induced inflow velocities are

calculated by using the Biot-Savart law. The remainder of the solution process is similar to that for

the uniform inflow.

In the nonuniform inflow analysis, one of the blades is allowed to rotate azimuthally and the

inflow induced by all vorticities in the rotor flow field is calculated at each azimuth. The blade is

called the computation blade, and the wake trailing from this blade is divided into three sections:

near, mid, and far wake. The near wake is attached to the blade and is composed of horseshoe

vortices shed from each section of the blade. An iterative loop is built around this wake to establish

a compatibility between lift and downwash. The midwake region, lying between the near and far

regions, is represented by a classical trailing vortex sheet of finite length: typically, about 1/8 of

a spiral. It is by now well known that the fax wake plays a crucial role in high harmonic aidoads.

Thus it is natural that B65 has several far-wake models. For this study, the elastically deflected

multitrailer wake model, in which vortices are allowed to roll up according to the modified Betz

criteria, is used. The number of filaments and the centroid locations are determined by the bound

circulation distribution at each azimuth. Therefore, with a negative tip loading, there will be more

than one tip vortex filament. The wake trailing from the other blades is approximated by the far

wake only. This wake model has been successfully applied to the full-scale H34 wind tunnel test

data (ref. 4) and with another Boeing code, C60 (ref. 5).

TFAR1 and TFAR2 CODES

TFAR1 and TFAR2 are potential codes for calculating the steady and unsteady transonic flow

past a helicopter rotor blade in hover or in forward flight (ref. 6). TFAR1 predicts only quasi-steady

flow, whereas TFAR2 can calculate both types of flow. The codes are based on the full-potential

equations in a blade-attached frame of reference. The flow is assumed to he inviscid and isentropic,

so there exists _i velocity potential. The potential equation can then be solved to yield the three

perturbation components of velocity: ff_, eu, and #bz. The velocities of the blade-fixed reference

frame relative to an inertial frame are given by Vl, V2, and V3, and the total velocity components

of the fluid particle in the moving frame are therefore expressed as

q, = ¢_ + V,

q2 = ¢'j,+ V2

q3 = 4,, + V3

(1)



TECHNICAL APPROACH

Induced Velocities

The induced velocities from the near, mid, and far wakes are designated as V,_a,, V_ia, and

V.f,,r and are added together to give the total induced velocity at a given computation point on the

blade. For the normal and tangential velocities, these are written as

V Ntot = V N,_,_, + V N,_ia + V N fa_

VTtot = VT,,o, + VT_,e + VTIa, (2)

where the total normal velocity component, VNtot, acts perpendicular to the rotor disc plane and is

positive waen directed downward, and the total tangential component,VTtot, acts along the chord

length and is positive when directed from leading edge to trailing edge. To compensate for the

one-blade near wake effects captured by the potential codes, the induced velocity data from the

B65 code must be modified. If, as in the case of the H34 airfoil, a four-bladed rotor is used, then

the near wake must be adjusted as follows:

3

VNtot = _(VN,_) + VNmid + VNy_

VTt_ = 3 ( VT,.a_ ) + VT_,_ + VTIo_
t4

(3)

Furthermore, since the B65 velocities are nondimensionalized by the tip speed (t')R), and

the potential code velocities are nondimensionalized by the far field speed of sound (ao_), then the

total induced velocities must be further corrected by the factor (f_ R/a_). The total normal and

tangential velocities can then be added to equations (1) in the following manner:

ql = ¢_ + VI

q2=¢v+V2+ _ V N, o,

q3 = qh. + V3 + V Ttot

(4)

3



Inflow Angle

In order to match the theoretical computations with actual flight test results, the correct inflow

angle for each azimuth and span station must be extracted from the B65 code and used as input to

the potential codes. The total angle of attack is the sum of the geometric and inflow components

(ref. 7) and is calculated in B65 as follows:

ORB65 = Ogeometrie + t_infloto (5)

Since the total normal and tangential induced velocities are added directly to the local flow

velocity at the surface of the blade in the potential codes, the effect of these velocities on the angle

of attack must be subtracted out as follows:

Olpitch = O/B65 -- ¢_toake (6)

Additionally, since this pitch angle varies along the blade span as well as along the azimuthal

position, it must be updated along with the downwash data at each azimuthal calculation when the
TFAR2 code is run.

H34 ROTOR

The wake coupling analysis was performed on an H34 four-bladed rotor which consists of a

modified NACA0012 airfoil section. Table 1 shows the physical characteristics of the blade which

were used as B65 and potential-code input parameters to define the blade geometry.

Table 1. H34 Physical characteristics.

Blade radius

Flapping hinge offset
Blade cutout

Blade total twist

Blade type
Airfoil section

Blade chord

Rotor solidity

Blade weight

Mass moment of inertia

28 ft

0.0357

0.16

_8 °

all metal, constant chord

modified NACA0012

1.367 ft

0.0622

175 lb

1176 slug-ft 2

The flight test data were obtained from an extensive flight test program using a single-rotor

helicopter (ref. 8). The program was conducted at Langley Research Center to obtain helicopter

rotor blade airloads, bending moments and blade motion. All data were for trim level flights out of

ground effect. The rotor was fully articulated with four H34 blades. Two test flights were selected



to comparethe wake coupling analysis results with the flight data. One was for a relatively benign

test condition with a forward flight velocity of 92 knots, and the other was for a high-speed flight

with a forward velocity of 122 knots. Tables 2 and 3 show the complete test conditions at which

the helicopter was operating for these two flights.

Table 2. H34 Flight test conditions at 92 knots.

Flight number

Flight velocity
Advance ratio

Rotor tip speed

Rotational speed

Shaft inclination

longitudinal
lateral

Air density

Temperature

12

92 knots

0.25

623 ft/sec

212 rpm

-5.1 °

-0.9 °

0.00211 slugs/ft 3

68 OF

Table 3. H34 Flight test conditions at 122 knots.

Flight number

Flight velocity
Advance ratio

Rotor tip speed

Rotational speed

Shaft inclination

longitudinal
lateral

Air density

Temperature

20

122 knots

0.28

718.38 ft/sec

245 rpm

-7.7 °

-1.7 °

0.00212 slugs/ft 3

68 OF

The flight test results consisted of pressure data at different chord length (X/C) locations for

several span stations (r/R). At r/R = 0.85, pressure orifice locations on the H34 rotor blade were at

X/C of 0.017, 0.040, 0.090, 0.130, 0.168, 0.233, 0.335, 0.500, 0.625, 0.769, and 0.915.

BLACK HAWK (UH-60) ROTOR

The wake coupling analysis was also performed on the UH-60 advanced airfoil known as the

Black Hawk rotor which consists of the SC1095 and SC1094-R8 airfoil sections. The Black Hawk

physical characteristics and airfoil tables were included in the B65 program, and the appropriate



geometricparameterswereincludedin theTFAR2input data. SincetheBlack Hawk flight test
programis currently under way at Ames Research Center, there is no Cj, test data available yet.

Therefore only the numerical prediction results are presented. Table 4 shows some of the more

important UH-60 physical characteristics. (This information was obtained from the Black Hawk

(UH-60) Instrumented Blades Final Design Review Report, by E. I. Seto, 1987.)

Table 4. UH-60 Physical characteristics.

Blade radius

Flapping hinge offset
Blade cutout

Blade total twist

Airfoil section

Blade chord

Rotor solidity
Mass moment of inertia

26.833 ft

0.04660

0.13043

_18 °

SC1095, SC1094-R8

1.725 ft

0.08185

1229.5 slug-ft 2

The following table shows the simulated flight conditions that were used as input parameters

to the wake and potential codes.

Table 5. UH-60 Simulated flight conditions.

Flight velocity

Advance ratio

Rotor tip speed

Rotational speed
Shaft inclination

longitudinal

lateral

Air density

Temperature

145 knots

0.34

725 ft/sec

244.9 rpm

-2.0 °

0.0 °

0.001921 slugs/ft 3

95 OF

RESULTS

Surface-pressure data were obtained for the H34 rotor from the potential codes (TFAR1,

TFAR2) with the wake information provided by the B65 code. These data are compared with flight

test data from reference 8 which are given as pressure coefficient difference between the lower

and upper surfaces of the blade. The results for forward flight velocity of 92 knots are plotted in

figure 1 for one complete rotor revolution in azimuthal increments of 30 ° starting from 0°. The
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bladespanstation at which data were obtained was r/R = 0.85. To show the difference the wake

coupling makes to the potential codes, the TFAR2 code was also run without a downwash contribu-

tion. These results are plotted in figure 2 for the same azimuthal positions as in the previous case.

To further verify the coupling, and to see if there would be any appreciable difference at a more

critical flight speed, surface pressure data were also obtained at a forward flight speed of 122 knots.

Results for this case are plotted in figure 3.

Additionally, numerical predictions for the UH-60 rotor are presented in figure 4. The results

are presented as AC t, forW = 0 °, 30 °, 60 °, 90 ° in figure 4(a) and for W = 120 °, 150 °, 180 °, 210 °

in figure 4(b).

DISCUSSION

Both TFAR1 and TFAR2 potential codes show good agreement with flight test data, as indi-

cated in figure 1, the TFAR2 results being in closer agreement than those of TFAR1, as anticipated.

These res Its are for a forward flight speed of 92 knots with an advance ratio of 0.25. The results of

the coupling, however, show a consistent discrepancy of about 6% near the leading edge for most

azimuthal angles. It is not clear where this error comes from, but it could theoretically arise from a

component of the inflow angle being inadvertently omitted in the calculations. This angle, Otp_tch,

which is used as an input to the potential codes, is defined in equations (5) and (6) and is composed

of several terms within its geometric and inflow components. These include such terms as twist

angle, collective pitch angle, cyclic pitch angle, and elastic deflection angle, all of which contribute

to the total pitch angle. It is reasoned that one of these may have been input incorrectly or not ini-

tialized in the computations. Different combinations and options have been tested, but the exact

source of the error has not been discovered and the results are presented as they are. The flight test

data reduction and accuracy can be found in reference 8, pages 4-6. It should be mentioned that

the accuracy of the pressure measurements was estimated to range from 0 to +5%, and the shaft

angle measurements were believed to be accurate within 4- 0.5 ° .

In general, excellent agreement is found by TFAR2 for most of the azimuthal range tested. In

the region of 90 ° < • < 120 ° (figs. l(d) and l(e)), the TFAR2 results, while still good, show

a deviation from the flight test data. It is reasoned that the error of about 5% may be a result of

the high velocities encountered by the advancing blade in this region. These high velocities might

affect the theoretical predictions as well as the pressure-sensing devices during flight. TFAR1

results also show this discrepancy, with the problem region expanded to include the region from

30 ° _< • < 60 0. As can be seen in figures 1(b) and 1(c), the error for the TFAR 1 results is between

3% and 5% for this region, and reaches about 10% for 90 ° < qJ < 120 °. Excellent results were

obtained with TFAR1, almost as good as those with TFAR2, for the remaining azimuthal locations,

namely the region of 150 ° < q_ < 360 ° (figs. l(f)-l(l)).

Figure 2 shows results of the TFAR2 code with no wake coupling. When TFAR2 was run with

no downwash contribution from the wake analysis code, the results overpredicted flight test data

on the advancing-blade side from 0 ° _< W _< 180 ° (figs. 2(a)-2(g)) with about 10% to 15% error

in the region 60 ° < W < 150 °. On the retreating-blade side, TFAR2 underpredicts flight test data

from 210 ° <_ • < 330 ° (figs. 2(h)-2(!)) with about 5% error between 240 ° <_ • _< 330 °. In



general,theseresultsindicatethatwake coupling to the potential codes does indeed increase the

agreement with flight test data.

Figure 3 shows the results for the H34 blade at a higher flight speed of 122 knots and an

advance ratio of 0.28 for the TFAR2 coupling. The results for each azimuth angle are very similar

to those obtained at the lower flight speed of 92 knots. In the leading-edge region, the results are

not as good as those obtained at the lower flight speed, but they are within 2% of the previous data,

and the higher velocities encountered by the blade may explain the discrepancies. It should also

be noted that the flight test data for the high-speed case show some inconsistencies at between 1%

and 3% of the chord length for all azimuthal angles, which may explain discrepancies due to flight

test accuracy previously mentioned for figures 1(a)-I (1).

The numerical results of TFAR2 with wake coupling are shown in figure 4 for the Black Hawk

(UH-60) airfoil with flight conditions as stated in tables 4 and 5. Figure 4(a) shows the numerical

prediction of the ACp distribution for _F = 0% 30 °, 60 °, and 90 °. As is indicated on the graph,

the distribution reaches a maximum of 4.0, decreases for _F = 30 ° and then becomes positive for

= 60 ° and 90 ° with a minimum of about 1.2 for W = 90 °. Figure 4(b) shows the numerical

prediction of AC v distribution for W = 120 °, 150 °, 180 °, and 210 °. In this case, the distribution

begins to increase (i.e., become more negative) after W = 150 ° until it again reaches a maximum
of about 4.0 at W = 210 °.

CONCLUSIONS

The numerical predictions of a rotor potential code can be improved when downwash effects

are included in the calculations, since the codes cannot normally capture the downwash effects

on their own. A suitable performance and analysis code that generates its own wake can provide

these downwash data. It was found that the full unteady TFAR2 code, which accounts for the blade

motion, does a better job at predicting the correct airloads than does the quasi-steady TFAR1 code.

Furthermore, the more accurately the pitch angle, which can vary both azimuthally and spanwise,

is known, the more accurate the results will be. And finally, although the wake coupling to the

potential codes give good results at different flight speeds, it was verified that better results are

obtained at the lower flight speeds where the advancing blade encounters lower velocities. Overall,

the results obtained to date are in good agreement with actual flight test data.

8
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